The ability to collect millions of molecular measurements from patients is a now a reality for clinical medicine. This reality has created the challenge of how to integrate these vast amounts of data into models that accurately predict complex pathophysiology and can translate this complexity into clinically actionable outputs. Integrative informatics and data-driven approaches provide a framework for analyzing large-scale datasets and combining them into multiscale models that can be used to determine the key drivers of disease and identify optimal therapies for treating tumors. In this perspective we discuss how an integrative modeling approach is being used to inform individual treatment decisions, highlighting a recent case report that illustrates the challenges and opportunities for personalized oncology.
The ability to deliver truly personalized, precise and predictive medicine depends on having tools to measure, model and modulate the complex and adaptive systems underlying human physiology and disease [1] . An immense number of interactions within and between cells of body tissues both define and regulate the complex biological states of individual physiology. Cells and tissue communicate information across multiple interacting layers (e.g., DNA, RNA, protein, metabolic) to regulate biological processes and maintain homeostasis in response to local and global stimuli. Technologies such as highthroughput genomic sequencing and realtime imaging techniques provide the ability to collect, quantify and digitize system-wide measurements of complex biological states with increased resolution and precision [2, 3] . Multiple opportunities now exist in personalized medicine for developing innovative methods and systems that can integrate and model the growing digital universe of molecular and clinical data we collect from individuals [4] [5] [6] [7] [8] . Some of the key challenges for realizing these innovations include how to (i) more accurately understand how information flows, and is regulated, in human biological systems, (ii) better represent and describe the health status of an individual at any given time and (iii) provide analytical tools to identify the best course of action for a given intervention based on all available data. Addressing these challenges requires the convergence of medicine, science and technology, with researchers, providers and patients working together toward precision medicine.
Our strategy for implementing personalized medicine is centered on a systems approach to human biology aimed at capturing as much genetic, molecular, cellular, physiological, clinical and historical data as possible for an individual and integrating this information into multiscale network models (Figure 1 ). Instead of assuming we know what elements are important for a given medical condition, we use the data to derive patterns of interactions that might drive a particular condition [9] [10] [11] , and combine this knowledge with expertise from physicians to improve patient-specific care [12] . In this perspective, we discuss some of the challenges for Integrative network modeling approaches to personalized cancer medicine Figure 1 . Integration of measurements from diverse data types into a personalized multiscale network model. Advances in highthroughput modalities capture patient specific information from various data types including different tissue locations and over time. Sophisticated statistical models offer a framework for incorporating patient-specific data with public data to generate a comprehensive multiscale network model, which reflects the current health status of a patient and can be updated/improved with additional data. personalized cancer medicine, describe our approach, highlight a case study with multiple myeloma and suggest a roadmap for incorporating multiscale network modeling into personalized oncology.
Challenges & opportunities for personalized oncology
It is clear now that cancer is not a single disease but rather is a growing constellation of subtypes mapped by a large catalog of somatic mutations [13] and characterized by tremendous molecular heterogeneity [14] . This diversity is driven by genetically distinct cancerous cells that expand and co-evolve within a complex tumor microenvironment that adapts to cytokine signaling, the immune response, therapeutic interventions and numerous other intrinsic and extrinsic factors. The process of evolutionary selection under continuously changing environmental influences generates unique tumor cell lineages that present multiple challenges for how best to predict cancer progression and treat an individual. Whereas our current ability to determine the disease course for any given patient remains generally limited, molecular profiling combined with sophisticated modeling offer approaches for capturing biological complexity in its entirety and producing precise predictions required for personalized cancer therapies. Discussions and applications of personalized medicine to date revolve largely around DNA genotype information, but more sophisticated approaches to personalized medicine require integrating DNA information with other molecular measures [2, 15, 16] . Knowing the genotype of an individual allows physicians to assess the consequences of drug metabolism [17] , estimate a patient's risk factor for a number of conditions and better manage certain conditions such as specific cancers [18, 19] . Genome-wide genotyping reveals the entirety of genetic information for an individual, yet this only provides a partial and largely static picture of individual biology. To capture and model a more complete representation of individual health and disease, DNA information must be complimented with future science group Integrative network modeling approaches to personalized cancer medicine Perspective additional functional genomic and dynamic molecular phenotypes.
Applying new technological developments to personalized oncology
A number of advanced technologies now provide the tools to collect massive amounts of functional data (e.g., comprehensive transcriptional profiling or highresolution phenotyping) from collections or even single cells. DNA sequencing on next generation platforms provides a method to monitor the immune system as a diagnostic tool for leukemia [20] , as well as to profile the T cell antigen receptor [21] or antibody repertoires [22] . Extraction of RNA from cells followed by high-throughput sequencing (RNA-seq) is a powerful technique to quantify transcriptomes, determine variation at the single nucleotide level, discover gene fusions and identify splice variants [23, 24] . Single cell mass cytometry can simultaneously probe more than 40 different cellular markers (surface and intracellular proteins) to characterize phenotypic and functional changes in tumor and normal cell with unprecedented resolution and precision [25] . Each of these next-generation technologies captures a systems-wide snapshot of a single scale and type of data. Integrating these modalities into comprehensive multiscale models yields better outcomes for individual patients, whether through improved predictive power for cancer survival [12] or increased ability to identify informative mutations with clinically actionable treatment options [26] .
Some of the most compelling developments in leveraging new technologies for personalized medicine have occurred in Hematology-Oncology [27] . In a landmark paper, whole-genome sequencing was performed on paired genomes from acute myeloid leukemia and normal cells, and the results were used to identify somatic mutations [28] . It is worth noting the speed at which the field is progressing as a follow-up study found a novel mutation in DNMT3A upon resequencing of the same sample using updated sequencing techniques and informatics tools [29] . The use of advanced technologies such as next-generation sequencing (NGS) to inform the selection of targeted therapies is already showing promise for patients [30] . More recently, NGS has shown potential for guiding therapeutic choices, either by tracking clonal architecture and tumor evolution [31, 32] , or by identifying specific translocations in defined molecular subgroups of multiple myeloma that can be targeted with treatments such as proteasome inhibitors and FGFR3 and MMSET inhibitors [33] . In a recent case, targeted sequencing of 25 cancer-related genes identified a codon deletion in KIT that has been associated with imatinib sensitivity, and subsequent treatment with imatinib resulted in stabilization of disease [34] . More broadly, a multipronged strategy that integrates whole genome and exome sequencing with transcriptional profiling identified genomic alterations in four individuals that suggested potential pathways in each for patient-specific targeted interventions using approved or investigational drugs [26] .
Recognition that cancer arises from a single malignant cell has led oncologists to adopt novel techniques to better characterize and classify cellular phenotypes [35, 36] . Deep phenotyping of cancer cells using mass cytometry (CyTOF) offers broader diagnostic and monitoring capabilities over conventional methods such as flow cytometry. Originally developed for single cell measurements akin to flow cytometry, the metal isotope labeling technology has recently been combined with laser ablation imaging to vastly improve the spatial resolution and cellular characterization by immunohistochemistry [37, 38] . The ability to characterize the state of a tumor and determine the cellular heterogeneity accurately is significant because matching the tumor with treatment results in better remission and long-term survival [39] [40] [41] [42] [43] [44] [45] [46] .
Advances in molecular labeling technologies are providing better readouts of the proteomic state at singlecell resolution and NGS technologies are helping characterize the genomic state of single cells. The persistence of minimal residual disease following treatment of lymphoblastic leukemia is a strong indicator for relapse and sequencing much higher sensitivity for detecting cancerous clones, which allows enhanced monitoring and treatment refinement capabilities [20, 47, 48] . Analyzing genome-wide patterns of mRNA expression can determine drivers of cancer [49] [50] [51] , predict potential therapeutic options [52, 53] and monitor molecular responses to treatment [54] . Malignant tumors and leukemia cells can now be sequenced to identify specific genetic variants that would suggest choosing one tyrosine kinase inhibitor over another [55] . As the costs of advanced technologies and sequencing continue to drop, deep profiling of single cells (tumor and normal), quantification and analysis of cell-free circulating tumor DNA [56, 57] and molecular matching of compound profiles to disease profiles [53, 58] will become standard of care.
Impact of targeted therapeutics on personal cancer medicine
Targeted cancer therapeutics -chemical compounds or monoclonal antibodies -manipulate a specific aspect of cellular processes that is integral to tumor survival. These therapies have radically altered medical practice and offer concrete examples of personalizing treatment through the use of molecular matching between drug and tumor. To date, there are approximately 50 future science group Perspective Kidd, Readhead, Eden, Parekh & Dudley compounds with indications for specific types of cancers with dozens of additional drugs being evaluated in targeted therapy clinical trials [59] . These treatments are effective in part because they address the consequence of a single mutation being the key driver in cancer. Unfortunately, in many cases, these initial successes ultimately fail because mutations assuredly arise in cancerous cells. These mutations permit cell cancer survival and growth by (i) altering protein structure to subvert drug binding while retaining protein function [60] , (ii) using alternative cellular pathways [61] or (iii) modifying gene expression patterns to compensate for druginduced function loss (e.g., copy number variant changes amplify gene expression) [62] . The next generation of targeted therapeutics for personalized medicine must be designed to account for tumor complexity and heterogeneity, and thus be able to modulate multiple driver mutations and pathways simultaneously.
Combination therapy for cancer treatment continues to hold great promise for addressing tumor complexity and drug resistance, and will play a larger role in the therapeutic strategy for personalized oncology. Evidence now strongly indicates that treatment with combination therapy increases survival in a variety of cancers [63] . The wealth of treatment options -small molecules, monoclonal antibodies, immunotherapy, bispecific antibodies or synthetic biology -suggests numerous possible combinations to draw from so patients might realize substantial therapeutic benefits. Initial efforts at combining the anti-CD20 antibody (Rituximab) and the anti-CD47 antibody led to the complete elimination of lymphoma in human nonHodgkin lymphoma-engrafted mice [64] . Preclinical trials of tumor models point toward enhanced tumor elimination using combinatorial immunotherapy with anti-CTLA4 and a targeted secondary antibody to block co-stimulation [65] . The merging of improved target guidance based on more refined tumor characterization with the large potential in combinatorial therapeutic diversity will continue to drive better outcomes for patients.
Computational & collaborative approach to personalized medicine
Our approach to personalized medicine is to construct comprehensive, multiscale network models that accurately represent the regulatory interactions between genes and transcripts with tumor cells collected from an individual [66] [67] [68] [69] [70] [71] . These networks are mathematical models that depict relationships between and among data types (e.g., associations between gene variants, transcripts, proteins, cells, etc.) that comprise the network. Conditional correlations are used to assign likelihoods to each interaction (association strength) and determine if a causal relationship is supported by the data [69] . Additional data sources (e.g., transcription factors, metabolites, proteomics, etc.) can be added as prior information in the parameters for constructing a multiscale network graph [4] . While these integrative models are constructed in a data-driven manner without a specific a priori hypothesis, they produce specific predictions about functional relationships between parameters of the data that often suggest new roles for these components [9] and, more importantly, propose particular hypotheses that can be validated experimentally. Rather than imposing strong preconceived constraints on the models, these approaches provide an unbiased method for identifying statistically significant and robust patterns in the data with some relationship to disease or biology. The models are then validated based on how well they recover known biology and provide new insights.
The foundation for a personalized cancer treatment program is the ability to identify patient-specific profiles from a vast sea of genetic and molecular data. This process is now possible because of the confluence of inexpensive, high-throughput diagnostic tools and computational processing power that can look for important molecular signatures by rapidly sifting through billions of data points. Our approach is to provide personalized cancer therapy recommendations by applying state-ofthe art informatics methods that construct individual disease profiles and match them to the available therapeutic options (Figure 2) . We also have an option of incorporating experimental feedback and validation using advanced preclinical models that most closely mimic an individual's tumor. This type of experimental modeling and validation currently factors into patient care for specific cases with slightly less urgency or when alternative options have been exhausted. This entire process of collecting, analyzing and testing individual samples to come up with the best model of their disease to drive personal care is a large multidisciplinary effort to patient-centric care. Our tumor board consists of domain-specific experts from clinical genetics, clinical oncology, genomics, bioinformatics and drug repurposing. This group collaborates to generate a personalized report indicating what we believe will be the best treatment for our patient. The integrative approach to evidence-based medicine uses many platforms ranging from molecular to clinical to computational. It is our philosophy that one piece of evidence in isolation is not sufficient to make a clinical decision. Based on this principle, our selection of a therapy is multifactorial and stems from our patient's clinical state, circumstances, values and opinions, as well as our pooled knowledge in our given areas of research and expertise. Integrative network modeling approaches to personalized cancer medicine Perspective
Matching drug & disease profiles in personalized oncology
A major challenge for personalized oncology is selecting the right drug for the right patient at the right time.
Solutions to this challenge aim to identify the best match between two complex and diverse data sets: an individual's disease signature, and a drug response signature. To be effective, this matching process must consider the universe of therapeutically relevant compounds, which could be large, and be performed in a timeframe that provides clinical utility. One strategy for meeting this challenge is to build algorithms and systems that standardize these complex datasets into compatible ranges so they are amenable to statistical tests that can identify the best match in an unbiased and systematic fashion. This general approach provides a procedure to rapidly scan through a library of compounds and select a drug to 'treat' a patient's specific disease signature. In order to streamline the drug-to-tumor matching process, drug response profiles are collected and curated from a wealth of publicly available data (e.g., the compendium of genome-wide transcriptional changes in response to drug perturbations [72] , curated drug-gene feature databases [73] and drug sensitivity databases compiled from high-throughput screening of cancer cell lines [74, 75] ). These response profiles are matched in silico to tumor-specific molecular profiles of a patient to produce a ranked list of drugs, which are integrated into a single list of recommendations. We combine this list of recommendations with available public data on diseases (e.g., GWAS catalog [76] ), thousands of other tissue-and disease-specific transcriptional profiles (e.g., ArrayExpress [77] and Gene Expression Omnibus [78] ), and genomic information (e.g., ENCODE [79] ) to provide broader context for the specific patient. Physicians consider this background of information with the prioritized list of drugs in the decision making process for delivering care to a patient.
Case study in multiple myeloma
As an example of how integrative modeling can be applied to personalized oncology, we present a brief case study of multiple myeloma within this perspective. Multiple Myeloma (MM) is a neoplastic plasma-cell disorder, characterized by clonal proliferation of malignant plasma cells in the bone marrow, and is the second most common hematological malignancy [80] . Currently, myeloma is an incurable disease, with a median survival after diagnosis of approximately 6 years [81] .
The treatment of multiple myeloma has been a challenge for decades. Typically, treatment of MM consists of a single drug or combination of drugs such as targeted therapy or chemotherapy, with or without steroids, and in certain cases, autologous stem cell transplant [82] . Four major classes of drugs are currently used future science group Perspective Kidd, Readhead, Eden, Parekh & Dudley in the treatment of MM: traditional chemotherapy; corticosteroids; immunomodulating agents including thalidomide, lenalidomide and pomalidomide and proteasome inhibitors including bortezomib and carfilzomib [83] . Often, a combination of these drugs are used based on factors such as the patient's age, the stage of the MM, patient's kidney function and the possibility of a future stem cell transplant [83] . Although, advancements in therapies over the past several years, have led to an increase in median overall survival after diagnosis [81] , relapse is inevitable and the unpredictable. The natural course and biological variability among MM patients makes an individualized approach to therapy a very attractive option.
Myeloma is characterized biologically by increased genomic instability and clonal evolution within the tumor over time. Most patients ultimately become refractory to further therapy and have a median survival of only 6-9 months in this situation [84] . Treatment selection for relapsed/refractory myeloma following treatment with all US FDA approved options and stem cell transplantation is challenging due to lack of active agents and patient comorbidities. Currently, patients with relapsed/ refractory MM are treated empirically based on clinical trials or rechallenged with prior active chemotherapeutic agents or autologous stem cell transplant.
A significant amount of translational research exists for changing the therapeutic approach to multiple myeloma in order to improve patient outcomes [85, 86] . For instance, the CoMMpass study [87] is a longitudinal, prospective observational study that aims to identify the molecular profiles and clinical characteristics in MM in order to stratify myeloma patients at initial diagnosis and at relapse. CD138 + tumor cells are analyzed by whole exome sequencing and RNA-seq, and then correlated with clinical characteristics. The overall rationale of the study is to develop a deeper understanding of the molecular basis of MM in order to devise a strategy for administering target therapeutics and personalized cancer care to patients with MM. Over the course of each patient's treatment, there is ongoing molecular profiling to evaluate the relationship between treatment regimens and patient outcomes [85] . The study has confirmed frequent mutations in KRAS, NRAS, DIS3 and P53 and less frequently in BRAF, TRAF3, CYLD, RB1 and PRDM1, which may have biological and therapeutic potential in MM [85] . The hope is that the study will lead to successful drug development based on these novel biological insights and improved patient care in multiple MM by using molecular profiles as a key to understanding mechanisms of disease, drug response and patient relapse [85] . However, while this study will provide an abundance of valuable information, it does not currently address the clinical challenge of treating relapsed myeloma patients. We hypothesize that a genomic, data-driven drug-repurposing program could be an effective way of treating patients who may be resistant to the standard, traditional therapies. The following clinical vignette is one example of how drugs that are not typically used to treat multiple myeloma may be effectively repositioned in relapsed/refractory myeloma.
A 54 year old male was diagnosed with IgA lambda plus lambda, Durie-Salmon stage IIA MM. He initially presented with back pain in April 2009 and upon evaluation was found to have a T12 compression fracture. The evaluation also revealed an elevated total protein of 10.6 g/dl with a globulin of 6.9 g/dl, an IgA level of 4662 mg/dl, free lambda of 1190 mg/l and a total proteinuria of 13.87 mg/day. A bone marrow biopsy on April 17th, 2009 showed a 90% clonal plasma cells. Table 1 gives an overview of the patient's various therapies, remissions and relapses after his initial diagnosis in April 2009. At this point, as the patient continued to relapse, even after a bone marrow transplant, and on account of his recurrent malignant pleural effusions, we thought there might be a dominant resistant clone and started considering a genomic approach. To this end, we used a molecular matching approach described previously [58, 88] to generate a list of top drug candidates that matched the RNA-seq profile of the CD138 + cells from patient's tumor. This approach identified two cytidine analogues, azacitidine and decitabine, as top candidates, both of which are indicated for myelodysplastic syndromes (Table 2) . When we followed up on the computational prediction, we found preclinical and clinical evidence supporting the use of azacitidine as a possible treatment for multiple myeloma. One study suggested that azacitidine had less frequent episodes of grade 3 or 4 cytopenia and fewer infectious episodes when compared with decitabine [89] . The 5T33MM murine model of multiple myeloma showed improved survival when treated with azacitidine [90] . More recently, a Phase I study found that azacitidine in combination with lenalidomide and dexamethasone was well tolerated in relapsed/refractory MM patients who had previously received multiple lines of therapy treatment for their disease [91] . Responses to this combination are in the same range reported for a combination of pomalidomide + dexamethasone or carfizomib in comparable patient populations [91] . Hence, a combination of genomic data, evidence-based medicine and clinical judgment, led us to choose azacitidine as the top drug candidate for our patient's recurrent multiple myeloma.
We discussed our approach and findings with the patient in August 2013, and it was decided to start therapy with azacitidine (50 mg/m 2 ) twice a week, and dexamethasone 40 mg weekly. Pomalidomide was added starting on day 15 at 2 mg × 21 doses. The future science group
Integrative network modeling approaches to personalized cancer medicine Perspective patient was treated at Mount Sinai. He was given Azacytidine on a compassionate use after informed and written consent and as per Helsinki and Institutional guidelines. On September 9th, 2013, after the addition of pomalidomide, we saw a drop in his free lambda light chain from 5627 mg/l on September 13, 2013 to 1597 mg/l on September 26, 2013. This regimen, azacitidine twice a week with 2 mg of pomalidomide daily was continued until his last dose of azacitidine, which was received on October 7, 2013. That same day, the patient was admitted to the hospital for shortness of breath. The patient's overall condition worsened significantly and he eventually went into cardiac arrest and remained hypotensive and bradycardic following the episode. On October 9, 2013 the patient was released to hospice care and passed away later that day.
The patient's paraprotein levels dropped greater than 50% when treated with a combination of azacitidine, dexamethasone and pomalidomide, whereas he showed virtually no response when treated with a combination of pomalidomide and dexamethasone at an earlier relapse time point. Although the duration of response was short lived, this clinical case serves as an example of how genomic studies may guide novel drug selection for relapsed/refractory MM patients.
Lessons learned thus far
Although in its early stages of implementation, an integrative approach to the treatment of MM has already shed light on some general concepts that should be considered as we move forward in this rapidly developing field. The recent finding that MM tumors are highly heterogeneous has major implications for a targeted therapy to this disease, as well as many other types of cancer [85] . In order to determine the clinical benefit of specific, targeted drugs, it will be important to obtain serial bone marrow and blood samples from a patient throughout the course of their disease. These samples will allow us to track the number of clones present and the clonal evolution of the plasma cells over time, which helps guide the selection of appropriate treatment options in individual patients. As such, it is becoming increasingly apparent that physicians should start thinking about genomics early, perhaps even at initial diagnosis. This baseline will serve as a benchmark for tracking the evolution of the disease and allow for adjustments to the computational algorithms to be even more specific throughout disease progression. A concern that gets raised when integrating molecular profiles from public data generated on cancer cell lines (e.g., Connectivity Map or LINCS data) with profiles of primary tumor samples is whether these profiles can be combined. While the drug response profiles from public data are generated from non-CD138 positive cell lines, we have a number of examples where the molecular matching provides predictive power across tissue, cell type or even species (e.g., applies to mouse cells) [53, 58, 92] . Thus, we had reason to believe the suggested drug predictions would be reasonable therapeutic options. The decision was made in consultation with the primary oncologist, tumor review board and patient. Furthermore, the patient did receive therapeutic benefit from the treatment.
In order to treat patients efficiently and effectively using a targeted therapy, a few items must be considered. First, in order to expedite the process of selecting a drug and treating a patient, we will consider choosing drugs that have already been FDA approved. At these early stages personalized oncology, drugs that are already being used to treat cancer provide a quicker route to the clinic because the approval pathway is already established in the medical community. However, one of the major challenges still ahead is overcoming regulatory barriers to treating patients with these off-label drugs. Second, due to the multifactorial nature of patient responses, we will have multiple levels of validation in place to optimize our drug choice. These measures will include incorporating clinical data and trial data into the choice of therapy as well as experimental validation steps, such as in vitro and xenograft systems to test hypotheses generated by the computational pipeline (Figure 2 ).
Given that treatments are being tailored toward individual patients, we must address the question of how much of what we learn from a single patient (n of 1) will apply to others. This question is critical for any program in personalized cancer therapy and one way to deal with this challenge is through processes that engage in feedback. Cancer patients are closely monitored and patient measurements collected over time, which provides a process for a "successive learning pipeline" for each individual. In other words, we improve the patient-specific network model by updating the information as it becomes available (e.g., with each new visit). Another feedback mechanism comes from the collected wisdom of the crowds. Multiple centers, including our own, have accumulated biobank repositories with genomic data, which can be used as an appropriate reference to place the individual patient into context. This feedback loop would allow us to use the information obtained from each patient to improve outcomes for future patients with a similar disease profiles.
How this approach can be applied at other institutions
In order for the advances in precision cancer medicine, specifically drug repurposing, to translate into clinical practice, collaboration between institutions will be critical. Given the high response rates with initial therapy and availability of FDA approved drugs in the newly diagnosed patients, we propose designing a pilot study in the model of the CoMMpass trial for patients with relapsed multiple myeloma. In this trial, participants will obtain bone marrow and blood samples from 100-1000 patients with relapsed disease following standard therapy with FDA approved drugs. The marrow will be used to isolate tumor cells for the purpose of obtaining genomic information using next-generation sequencing. These patient specific genomic profiles will then allow us to use our drug-repurposing platform to generate a list of personalized therapeutic options. We will then return this data in real time to participating physicians and determine whether a patient's potential treatment was altered as a result of the suggested therapy generated by the computational pipeline. By implementing such a study, we would be able to identify which subset of patients with relapsed MM would benefit most from having a drug selected based on the computational repurposing program. Additionally, we could determine the fraction of relapsed MM patients where next-generation sequencing data, and drug repurposing would make a difference to their treatment. Although we realize the group of participating physicians would be somewhat self-selecting, we believe that a multicenter trial would certainly be beneficial in providing a more heterogeneous patient and physician population. This example of a pilot study could help us gain valuable insight into the biology of relapsed disease and the practicality and utility of a drug repurposing approach in relapsed MM.
Conclusion
Cancer represents a special challenge for medicine because each tumor is shaped by the individual in which the rogue cells arise and grow. The pursuit to understand the underlying biology driving cancer has created a culture that adopts the latest technologies to support patient care and strives to deliver personalized future science group
Integrative network modeling approaches to personalized cancer medicine Perspective medicine. Technological advances over the past few decades have created tools to collect unprecedented amounts of molecular, physiological, environmental, and clinical data. Parallel advances in bioinformatics and computational sciences have produced the infrastructure and algorithms to integrate these diverse data sources into realistic and powerful models that are proving useful to diagnose and treat patients. Although personalized medicine might see initial successes in oncology, the approach serves as a prototype for other medical disciplines and promises to provide improved care for all patients.
Future perspective
The next series of advances in personalized oncology will be driven by improved models that link together more data and increased therapeutic options that cover a broader array of tumors. The mathematical models currently used in personalized oncology incorporate a small slice of the potential data relevant for understanding human health and disease. Expanding the data collection efforts to incorporate multiple tissues, cell types and environmental factors, and even signals from wearable consumer health monitoring devices will be critical for creating comprehensive models that best capture the Executive summary
Background
• High-throughput 'omics' technologies possess tremendous power to characterize the molecular and cellular aberrations driving cancer.
• A major challenge for systems medicine is how to extract relevant and actionable information from vast data that can be collected on individual patients and convert this information into clinically meaningful results.
Challenges & opportunities for personalized oncology
• Tumor heterogeneity and evolution make cancer a moving molecular target.
• Integrative modeling that captures multiple data sources provides a more precise lock on cancer.
Applying new technological developments to personalized oncology
• New technologies are providing unprecedented information about the state of the biological system and how it changes over time or in response to treatment.
• Oncology is at the forefront of adopting new technologies, which is resulting in tangible benefits for patients.
Impact of targeted therapeutics on personal cancer medicine
• Targeted therapies provide precise manipulation of cellular states.
• New technologies for better molecular diagnosis offer improved guidance for therapy selection (single or combination).
Computational & collaborative approach to personalized medicine
• Multiscale network models provide a framework for organizing the information contained in large-scale data sets to determine key drivers of disease and identify optimal therapies for personalized medicine.
• Multidisciplinary teams made up of clinical geneticists, clinical oncologists, bioinformaticians and genomic scientists are critical for providing care for personalized oncology.
Matching drug & disease profiles in personalized oncology
• The main objective for personalized oncology is to identify the optimal molecular match between a patient's tumor profile and a drug response profile.
• Optimal matches are achieved through systematic comparisons of the drug space with a comprehensive characterization of the patient's physiological and molecular state.
Case study in multiple myeloma
• Computational drug matching identified azacitidine as the best therapy for the patient's status.
• Paraprotein levels dropped greater than 50% when treated with a combination of azacitidine, dexamethasone and pomalidomide.
Lessons learned thus far
• Initiating genomics testing early and tracking tumor evolution provides better predictive modeling and understanding of the disease course to optimize treatment direction.
• The critical care and monitoring of cancer patients provides a "successive learning pipeline" in which the patient-specific network model can improve with each visit.
How this approach can be applied at other institutions
• We propose a multi-institutional pilot study to share resources so the community can learn and refine best practices of personalized oncology.
Future perspective
• The next series of advances in personalized oncology will be driven by improved mathematical models that link together more data -from both physiological and environmental sources -with better predictive algorithms to classify tumor types and identify drug matches.
• Mobile devices and real-time monitoring provide promising opportunities for better detection and follow-up.
future science group Perspective Kidd, Readhead, Eden, Parekh & Dudley entire system and produce more accurate estimates of the key drivers underlying disease. These efforts will require new statistical models to merge data appropriately and test the relationships to offer estimates of uncertainty that can assist clinical decisions. Additionally, collecting these data across multiple time points, toward realtime monitoring, will provide better forecasts of tumor evolution and treatment response, allowing clinicians to make finer adjustments to alter the disease course in ways that could result in better long-term outcomes.
Enlarging the therapeutic options for oncology depends on knowing what components within a biological network to target and having the proper feedback and testing procedures to evaluate the consequence of a given intervention. Multiscale models offer a framework for determining key drivers of disease and performing in silico screening of perturbations to identify better therapeutics for a specific tumor. This type of screening would not be limited to compounds that have been approved for oncology, but could systematically consider the effect of any type of intervention such as off-label drugs (e.g., repurposing existing therapies), experimental compounds, natural products, diet or exercise. More radically, these mathematical models and analyses will suggest drivers for where no current compound exists, thus suggesting targets for novel therapeutics.
Monitoring devices and systems for sharing data offer exciting opportunities for expanding collaborations among the broader team of researchers, healthcare providers, hospitals and patients. Such collaborations will require substantial upgrades in computing power and storage, as well as, enhancements to systems for standardizing and transferring information so data can be processed and operated on in near real-time to make reports available in a timely manner. Concerns about data sharing with regards to privacy will need to be addressed [93] , but the solutions will ultimately advance our understanding of cancer, improve our models of biological systems and result in better treatments for individuals.
